Previous studies have shown that activation of ventral midbrain NMDA receptors is required to initiate sensitization by amphetamine. In view of the recent evidence that neurotensin modulates ventral midbrain glutamate neurotransmission, we tested the hypothesis that neurotensin is acting upstream to glutamate to initiate sensitization to the behavioral and neurochemical effects of amphetamine. During a first testing phase, adult male rats implanted with bilateral ventral midbrain cannulae were injected every second day for three days with D- [Tyr 11 ]neurotensin (1.5 nmol/side), the preferred NMDA GluN2A/B antagonist, CPP (40 or 120 pmol/side), the selective GluN2B antagonist, ] neurotensin (1.5 nmol/side) and locomotor activity was measured immediately after the injection. Five days after the last central injection, the locomotor response or the expression of phosphorylated extracellular signal-regulated kinases 1/2 (pERK1/2) in neurons of different limbic nuclei was measured following a systemic injection of amphetamine sulfate (0.75 mg/kg, i.p.). Results show that amphetamine induced significantly stronger locomotor activity and pERK1/2 expression in the nucleus accumbens shell and infralimbic cortex in neurotensin pre-exposed animals than in controls (vehicle pre-exposed). These sensitization effects initiated by neurotensin were prevented by CPP, but not Ro04-5595. These results support the hypothesis that neurotensin is stimulating glutamate neurotransmission to initiate neural changes that sub-serve amphetamine sensitization and that glutamate is acting on NMDA receptors that are mostly likely composed of GluN2A, but not GluN2B, subunits.
Introduction
Animals and humans that were pre-exposed to the psychostimulant drug, amphetamine, are more sensitive to its pharmacological and behavioral effects than naïve subjects, a phenomenon that is known as sensitization or reverse tolerance (Boileau et al., 2006; Vezina, 2007) . Psychostimulant sensitization is an enduring phenomenon hypothesized to play a key role in vulnerability to addiction and relapse to compulsive drug intake (Robinson and Berridge, 1993; Steketee and Kalivas, 2011) . While the exact mechanism(s) that sub-serve(s) the initiation of amphetamine sensitization is/are still incomplete, previous studies have revealed that it is the action of amphetamine on neurotransmitter release in the ventral midbrain that initiates the neural changes that lead to the sensitized state. Repeated microinjections of amphetamine into the ventral midbrain (VM), but not into the ventral striatum nor into the prefrontal cortex, initiate sensitization to the stimulant effect of amphetamine on locomotor activity and on dopamine release in the nucleus accumbens (Hooks et al., 1992; Kalivas and Weber, 1988; Vezina, 1993) . Based on the current knowledge, amphetamine is initiating sensitization by increasing VM dopamine release which activates dopamine D1-like receptor leading to enhanced glutamate release from VM afferent terminals that originate from the prefrontal cortex (Bjijou et al., 1996; Stewart and Vezina, 1989; Cador et al., 1999) . Glutamate is hypothesized to act on N-Methyl-D-Aspartate receptors (NMDAR) to enhance basic fibroblast growth factor production leading to neural plastic changes that sub-serve enhanced sensitivity to the psychostimulant drug (Flores et al., 1998; Flores and Stewart, 2000) .
More recent findings also suggest that neurotensin (NT), a tridecapeptide found in a dense network of nerve terminals that innervates VM neurons, is most likely to be part of this neural cascade. Repeated central injections of NT, and its active analog, D- [Tyr 11 ]NT, lead to an enhancement of amphetamine-induced locomotor activity (Rompre, 1997) , an effect that is also prevented by excitotoxic lesions of the prefrontal cortex, a cortical region that send glutamatergic efferent to VM neurons (Blackburn et al., 2004; Sesack and Pickel, 1992) . Furthermore, Panayi et al. (2005) have shown that the initiation of amphetamine sensitization by repeated systemic amphetamine injections is prevented by blockade of VM NT receptors. Electrophysiological results showing that NT enhances glutamatergic excitatory post-synaptic current in the VM neurons (Kempadoo et al., 2013; Bose et al., 2015) , suggest that it may act upstream to glutamate to initiate amphetamine sensitization. The present study was aimed at testing this hypothesis. We investigated whether repeated VM NT microinjections sensitize to systemic amphetamine-induced locomotor activity and determined whether this sensitization effect was dependent upon activation of VM NMDAR. Two NMDAR antagonists were used, CPP an antagonist at NMDAR composed of GluN2 subunits, and Ro04-5595, a selective antagonist of the GluN2B subunit of the NMDAR. These antagonists were chosen on the basis of previous studies showing that CPP is effective at blocking the initiation of amphetamine sensitization when it is injected into the VM and that GluN2 (2A and 2B) subunits play a role in synaptic plasticity in VM neurons (Bjijou et al., 1996; Schiltr€ om et al., 2006) . It is also well established that amphetamine activates extracellular signalregulated kinases 1/2 (ERK1/2) in limbic regions known to play a key role in drug addiction, and that this signaling pathway is involved in long-term synaptic plasticity (Sweatt, 2004) initiated by drugs of abuse (Pan et al., 2011; Valjent et al., 2006; Zhai et al., 2008) . So, we also determined whether repeated VM NT microinjections sensitize to amphetamine-induced phosphorylation of ERK1/2 (pERK1/2) in different regions of the limbic system and whether this effect was also dependent upon VM NMDAR activation. Such an enhancement of amphetamine-induced pERK1/2 would be indicative of a major role of VM NT in the development of abnormal behaviors related to an alteration of limbic neurotransmission such as drug addiction.
Experimental procedures

Subjects
Adult male Long-Evans (Charles River Canada) rats weighing between 300 and 350 g at the time of surgery were used. They were housed 1 (after surgery) or 2 per cage in a temperature (22 C) and humidity (40%) controlled room with a 12 h light/dark cycle (lights on 06:00). They were allowed to habituate for 5e7 days to the housing environment before surgery and had free access to food and water. All procedures were in accordance with guidelines of the Canadian Council on Animal Care and all efforts were made to minimize suffering and number of animals used.
Surgery
Following the habituation period to the housing environment, rats were deeply anesthetized with isoflurane (2.5e3.5%, O 2 0.6 L/ min) and mounted on a stereotaxic apparatus. The surface of the skull was exposed between lambda and bregma and burr holes were made into the cranium in each hemisphere at the point of insertion of the guide cannulae (HRS Scientific, Montreal, Canada, model C315G) . Four miniature screws were threaded into the bone and guide cannulae were implanted using the following flat skull stereotaxic coordinates: 5.3e5.6 mm posterior to bregma, 1.6e1.8 mm lateral to the midline (10e12 medio-lateral angle) and 6.4 mm below the surface of the skull (Paxinos and Watson, 1998) . The cannulae were closed with an obturator of the same length and were anchored to the skull with dental acrylic. A 0.05 mL injection of duplocillin LA containing 15,000 I.U. of penicillin was administered (i.m.) to prevent infections. The analgesic anaphen (5 mg/kg, sc) was administered at the end of the surgery and 24 h later.
Behavioral tests
The experimental paradigm consisted of a habituation phase, a training phase and a sensitization test (see Supplementary Figure S1 ). On the first habituation day (H1), the animals were placed into the test cage for 45 min. On the second day (H2), they were all injected with saline into the VM and placed in the test cage for 120 min. Bilateral microinjections were made by inserting into each guide cannula an injection cannula (model C315I) that extended 2 mm beyond the tip of the guide. Each cannula was connected with polyethylene tubing to a 2-ml microsyringe and a volume of 0.5 ml of sterile 0.9% saline was injected into each hemisphere simultaneously with a micro-infusion pump over a period of 60 s; cannulae were left in place for an additional 60 s to allow diffusion into the tissue. This first injection was aimed at habituating the animals to the procedure. On the third habituation day (H3), the animals were placed into the test cage for 120 min without any treatment. The training phase began 24 h later (Day 1). During this phase, independent groups of animals were injected three times, every second day (day 1, 3 and 5), with vehicle (0.5 ml/ side), D- [Tyr 11 ]neurotensin (NT, 1.5 nmol/0.5 ml/side), CPP (40 or 120 pmol/0.5 ml/side), or 1200 pmol/0.5 ml/side), CPP (40 or 120 pmol/0.5 ml/side) þ NT (1.5 nmol/0.5 ml/side) or Ro04-5595 (200 or 1200 pmol/0.5 ml/side) þ NT (1.5 nmol/0.5 ml/ side) using the injection procedure described above. They were placed into the test cage immediately after the injection and locomotor activity was measured for 120 min. Five days after the last day of the training phase (day 10, sensitization test), all the animals were injected with a single dose of amphetamine (0.75 mg/kg, i.p.) and locomotor activity was measured for 120 min (behavioral sensitization test) or the animals were sacrificed after 15 min (neurochemical sensitization test, see below). Behavioral tests were conducted during the light cycle between 08:30 and 16:30 in a room separate from the housing colony with the light turned off; 70e75 dB white noise was used to mask any external noise. We used the NT analog, D- [Tyr 11 ]NT, because it is resistant to enzymatic degradation (Checler et al., 1983) and mimics several behavioral, neurochemical and physiological effects of NT. When injected repeatedly into the cerebral ventricle, D-[Tyr 11 ]NT produces a stronger amphetamine sensitization response and potentiation of brain stimulation reward than NT at an equimolar concentration (Rompre, 1997; Bauco and Rompre, 2001 ). Ventral midbrain infusion of ]NT stimulates locomotor activity (Bauco and Rompr e, 2003) and enhances mesoaccumbens DA release (Steinberg et al., 1995; Sotty et al., 2000) . But, when injected unilaterally, ]NT is more effective than NT at inducing a circling behavior (Steinberg et al., 1995) but less effective than NT at enhancing mesoprefontal DA release (Sotty et al., 2000) . A recent study also shows that the NT analog modulates glutamatergic neurotransmission in different populations of VM neurons by acting on different NT receptors (Rouibi et al., 2015) .
Apparatus
Locomotor activity was measured using an Opto-Varmex Auto Track System (Columbus Instruments, Columbus, OH, USA). Test cages consisted of four Plexiglass walls of 43 cm (wide) Â 43 cm (length) and 33 cm (height) and a wire-mesh floor; they were equipped with two arrays of 15 infrared photocells located 1.5 and 14.5 cm above the wire-mesh floor to detect horizontal and vertical movements respectively. Computer software quantified ambulatory activity by calculating the distance traveled beyond a virtual box of 9.6 Â 9.6 cm (3 Â 3 photocells) drawn around the animal; the computer determined the location of the animal within the box 10 times per second. Movements detected within the virtual box were considered as non-ambulatory and were quantified as time (in sec) during which photocell beam interruptions were detected. Vertical activity was quantified as the total number of photocell beam interruptions produced by rearing (see Elmer et al., 1996 for validation data on these measures of activity).
Histology
At the end of the experiment, behaviorally tested animals were deeply anesthetized with urethane (2 g/kg, i.p.) and transcardially perfused with 0.9% saline followed by 10% formalin. Brains were removed, stored in 10% formalin and subsequently sliced in serial 40-mm sections that were stained with formal-thionin solution. Locations of the injection sites were determined under light microscopic examination. Only animals that had both injection sites within the ventral tegmental area, near or in the rostral and caudal linear nuclei, the paranigral, parabrachial and the interfascicular nuclei between 5.0 and 5.8 mm behind bregma (Paxinos and Watson, 1998) were included in the analyses.
Immunohistochemistry
On the day of the sensitization test (day 13), some animals in the following groups: vehicle (0.5 ml/side), NT (1.5 nmol/0.5 ml/side), CPP (120 pmol/0.5 ml/side), Ro04-5595 (1200 pmol/0.5 ml/side), CPP (120 pmol/0.5 ml/side) þ NT (1.5 nmol/0.5 ml/side), and Ro04-5595 (1200 pmol/0.5 ml/side) þ NT (1.5 nmol/0.5 ml/side) were sacrificed 15 min after the amphetamine injection. Additional animals that were injected centrally with vehicle or NT (1.5 nmol/0.5 ml/side) alone during the training phase were injected systemically with the vehicle on day 10. They were anesthetized with isoflurane and perfused with phosphate-buffer (0.1 M, pH 7.4) paraformaldehyde (4%); the brains were removed and frozen at À80 C. Brains were subsequently sliced in 30 mm coronal sections with a cryostat. Slices were rinsed three times in H 2 O 2 and in PBS 0.1 M pH7.4; free floating slices were then blocked 30 min in a blocking solution (5% Goat serum, 1% Triton in PBS 0.1 M) before being incubated overnight at 4 C with the primary antibody (anti-phospho Thr202-Tyr204 ERK1/2 1:500; Cell Signaling Technology). After three PBS rinses, the slices were incubated with the secondary antibody (antirabit IgG-Biotin 1:1000, Vector Lab) for 90 min and rinsed three times with PBS. Slices were treated with the avidin-biotin complex (ABC kit, Vector Lab.) for 90 min and immunoreactivity was revealed by 3,3-diaminobenzimide tetrahydrochloride (DAB) solution (SigmaeAldrich) and H 2 O 2 in TRIS 0.05 M pH7.4. After washes, slices were mounted on slides and cover-slipped with DPX mounting medium (SigmaeAldrich). Positive immunolabeled cells were manually counted by an observer blind to treatment using a bright field microscope (Zeiss axioskop). In each region, the amount of pERK1/2 positive neurons (evaluated on the basis of a cytoplasmic and nuclear staining) was counted on at least four different 30 mm slices for each brain region, for each animal, to give an averaged number of pERK1/2 positive cells for a given area (0.2 square millimeter or, the total surface of the structure analyzed). Representative images were taken with a SPOT RT Slider camera 2.3.1 and the SPOT imaging software 4.4 (SPOT imaging solution™, Sterling Height, MI).
Drugs
The NMDAR antagonists, RS-CPP [(RS)-3-(2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid)] and Ro04-5595 hydrochloride 1-[2-((4-Chlorophenyl)ethyl]-1,2,3,4-tetrahydro-6-methoxy-2-methyl-7-isoquinolinol) hydrochloride were purchased from Tocris Bioscience (Ellisville, MI, USA) and ]neurotensin-(1e13) from Bachem (Sunnydale, CA, USA). They were dissolved in sterile 0.9% saline and stored frozen at À20 C in 40e50 ml aliquots. Peptide and drug solutions were thawed just before testing and used only once. Amphetamine sulphate (Sigma-Aldrich, UK) was dissolved in saline and injected intraperitoneally in a volume of 1 mL/ kg. Drug and peptide doses were chosen on the basis of previous studies (Bauco and Rompr e, 2003; Bergeron and Rompr e, 2013; Cador et al., 1999; Kalivas and Duffy, 1990 ).
Statistical analysis
Measures of locomotor activity (distance traveled, time of nonambulatory activity and vertical counts) and number of pERK positive neurons were totaled for each subject and group means were calculated. Data were analyzed with a two-way ANOVA (treatment Â day) with repeated measures on day (training phase) or a one-way ANOVA (sensitization test and immunohistochemistry results) and differences among means were determined with Duncan's multiple range post-hoc tests. Student T-test was used to compare means of a given treatment obtained at different days. The accepted value for significance was P < 0.05 (Statistica V5.0, StatSoft; IBM SPSS Version 23).
Results
Histology
Location of the injection sites for each group of animals that were included in the behavioral and the neurochemical analyses are shown in Figs. 1 and 2 respectively. Sites were located within the ventral tegmental area between a rostro-caudal region extending between 5.0 and 5.8 mm posterior to Bregma, a region that is densely innervated by NT-containing terminals and NT receptors (Geisler and Zahm, 2006; Szigethy and Beaudet, 1989) .
Training phase
Microinjections of NT into the VM produced a significant increase in ambulatory and non ambulatory activity, an effect that was stronger after the third injection on day 5 (Fig. 3, top and middle panels). The ANOVA yielded a significant treatment by day interaction (Ambulatory activity, F 5,87 ¼ 9.0 p < 0.001; nonambulatory activity, F 5,87 ¼ 4,4 p < 0.001) and post-hoc test confirmed that the magnitude of the activity measured after the third NT injection (Day 5) was significantly higher than that measured after the first injection on day 1. Blockade of VM NMDAR with CPP did not attenuate the stimulant effect of NT (Fig. 3 , top left panel), but slightly reduced, at the low dose, the enhancement that was observed from day 1 to day 5. When administered alone, RS-CPP had no effect on ambulatory activity, but slightly enhanced non-ambulatory activity; this effect did not change with repeated injections (Fig. 3, middle panels) . Repeated VM injections of NT had Neurotensin (NT, n ¼ 23), 40 pmol of CPP þ NT (CPP40 þ NT, n ¼ 6), 120 pmol of CPP þ NT (CPP120 þ NT, n ¼ 18), 40 pmol (CPP40, n ¼ 8) or 120 of CPP (CPP120, n ¼ 16) alone. Each bar graph represents the group mean ± s.e.m. Symbols indicate a statistically significant difference with respective VEH (*p < 0.05; **p < 0.01; ***p < 0.001) with respective NT group (þp < 0.05; þþþp < 0.001) or between the first and the third injections for the corresponding treatment group (#p < 0.05; ##p < 0.01; ###p < 0.001). See method section for details.
very similar effects on non-ambulatory activity (Fig. 3, middle  panels) . After the first injection, vertical activity was slightly increased by NT but this effect reached statistical significance only after the third injection (Fig. 3, bottom panels) . The ANOVA yielded a significant treatment by day interaction (F 5,87 ¼ 3.34, p < 0.05) and post-hoc test confirmed that vertical activity measured on day 5 after NT was significantly higher than on day 1. CPP did not block the stimulant effect of NT on vertical activity and when given alone it produced no change in vertical movements.
The selective GluN2B antagonist, Ro04-5595, when coadministered with NT did not block its stimulant effect on ambulatory and non-ambulatory activity nor its enhancement following repeated injections (Fig. 4, top and middle panels) ; on the contrary, it enhanced at the high dose. The ANOVA yielded a significant treatment by day interaction (ambulatory activity, F 5,76 ¼ 11.1, p < 0.001; non-ambulatory activity, F 5,76 ¼ 4.1, p < 0.01) and posthoc test confirmed that the level of activity measured following coinjection of the high dose of Ro04-5595 with NT was significantly higher than NT alone after the first injection. After the third injection, it enhanced the stimulant effect of NT at both doses. When administered alone, Ro04-5595 did not alter ambulatory and nonambulatory activity neither on day 1 nor on day 5. NT-induced enhancement of vertical activity was also enhanced by the high dose of Ro04-5595, an effect that increased with repeated injections (F 5,76 ¼ 5.7, p < 0.001; Fig. 4 , lower panels). Each dose of Ro04-5595 failed to alter vertical activity when administered alone.
Sensitization test
Locomotor activity
The amphetamine test performed five days after the last VM microinjections, revealed that animals pre-exposed to NT displayed higher ambulatory (F 5,53 ¼ 5.8, p < 0.001), non-ambulatory (F 5,53 ¼ 4.0, p < 0.01) and vertical activity (F 5,53 ¼ 8.1, p < 0.001) than the animals that were pre-exposed to the vehicle (Fig. 5 ). This sensitization effect was not observed in the animals pre-exposed to a combination of each dose of CPP with NT as their levels of activity following amphetamine injection were not different than the activity of the animals pre-exposed to vehicle (P > 0.05). There is also a significant difference in the response to amphetamine between the group pre-exposed to NT alone and the two groups pre-exposed to CPP þ NT (except low dose and non-ambulatory activity) showing that CPP blocked the development of amphetamine sensitization by NT. This blockade cannot be attributed to a reduced effect of CPP on the sensitivity to amphetamine as pre-exposure to each dose of CPP alone had no consequence on amphetamineinduced locomotor activity.
Contrary to CPP, the selective GluN2B antagonist, Ro04-5595, did not block the development of sensitization to amphetamineinduced locomotor activity (Fig. 6) . The ANOVA yielded a significant effect of pre-treatment (ambulatory activity: F 5,51 ¼ 11.1, p < 0.001; non-ambulatory activity: F 5,51 ¼ 7.8, p < 0.001; vertical activity: F 5,51 ¼ 7.7, p < 0.001) and post-hoc test showed that animals pre-treated with the low or with the high dose of Ro04-5595 in combination with NT showed an enhanced locomotor response to amphetamine similar to those pre-treated with NT alone. In addition, repeated VM injections of each dose of the GluN2B antagonist alone did not alter the response to amphetamine.
pERK1/2 immunohistochemistry
Results of the immunohistological analyses performed on different groups of animals treated with amphetamine 5 days after the last VM microinjection (day 10) are presented in Figs. 7 and 8. In the shell of the nucleus accumbens and in infralimbic part of the prefrontal cortex (Fig. 7 B,C) the number of pERK1/2 positive cells was significantly higher in the animals pre-exposed to NT than in those pre-exposed to the vehicle (infralimbic, F 5,34 ¼ 4.78, p < 0.01; shell, F 5,34 ¼ 11.77, p < 0.001) (Fig. 7C) . The sensitization effect of NT on amphetamine-induced expression of pERK1/2 in these regions was blocked by CPP, but not by Ro04-5595. These immunohistochemical results parallel the behavioral data. Pre-exposure to CPP and Ro04-5595 alone did not alter amphetamine-induced pERK1/2 in the infralimbic cortex as the number of positive cells was not different than vehicle. Similar results were obtained in the shell except that pre-exposure to Ro04-5595 alone increased amphetamine-induced pERK1/2 in this region. In addition, the NT and vehicle pre-exposed groups injected with saline do not differ (P > 0.05).
Immunohistochemical analyses were performed in several other limbic brain regions following an injection of saline and amphetamine on day 13 (Fig. 8) . In the nucleus accumbens core, the medial VM and the pedunculopontine tegmental nucleus (PPTg) amphetamine enhanced pERK1/2 in both the VEH and NT preinjected group (saline vs amphetamine, P < 0.05). Such an increase in pERK1/2 was not seen in the prelimbic cortex, the lateral VM and the laterodorsal tegmental nucleus (LDTg), following amphetamine injection. For each of these regions, the number of pERK positive neurons measured after amphetamine injection was similar in each group. Accordingly, the ANOVA yielded no effect of the pretreatment (P > 0.05).
Discussion
NMDAR-dependent sensitization to the locomotor activity
The present study was aimed at testing the hypothesis that NT is acting upstream to glutamate in the VM to initiate sensitization to the behavioral effect of systemic amphetamine. A first important finding that supports this hypothesis is that repeated VM microinjections of NT lead to an enhancement of the locomotor stimulant effect of amphetamine. Animals that were pre-treated with VM NT displayed a stronger locomotor response to systemic amphetamine than those pretreated with VM vehicle. The second important finding that supports the hypothesis is that sensitization effect induced by NT was blocked by the selective NMDAR antagonist, CPP.
The induction of amphetamine sensitization by VM NT is consistent with previous results showing that sensitization is induced by repeated intracerebroventricular injections of NT, or its active analog, D- [Tyr 11 ]NT, and prevented by VM microinjection of the NTS1/NTS2 receptor antagonist, SR142948 (Panayi et al., 2005; Rompre, 1997) . It is inconsistent, however, with the lack of effect of repeated VM microinjections of NT on the stimulant effect of systemic amphetamine on locomotion reported by Elliott and Nemeroff (1986) . In this latter study, however, the amphetamine test was performed 24 h after the last VM NT microinjection, a time point that is most likely insufficient to allow neural changes that sub-serve the expression of sensitization to take place (Vanderschuren et al., 1999) . Several mechanisms may account for the induction of amphetamine sensitization by NT. A first hypothesis is a desensitization of the dopamine D2 autoreceptors. Both in vitro and in vivo experiments have shown that activation of VM NT receptors results in a reduction of D2 autoreceptor sensitivity (Shi and Bunney, 1990; Thibault et al., 2011) , a phenomenon that is also observed following repeated amphetamine treatment (White and Kalivas, 1998; Vanderschuren and Kalivas, 2000) . Since it is a short
Training Phase Ambulatory Activity
Non-Ambulatory Activity Neurotensin (NT, n ¼ 23), 200 pmol of Ro04-5595 þ NT (Ro200 þ NT, n ¼ 5), 1200 pmol of Ro04-5595 þ NT (Ro1200 þ NT, n ¼ 14), 200 pmol (Ro200, n ¼ 5) or 120 of Ro04-5595 (Ro1200, n ¼ 13) alone. Each bar graph represents the group mean ± s.e.m. Symbols indicate a statistically significant difference with respective VEH (*p < 0.05; ***p < 0.001) with respective NT group (þp < 0.05; þþþp < 0.001) or between the first ant the third injections for the corresponding treatment group (##p < 0.01; ###p < 0.001). See method section for details. lasting effect, it has been proposed to account for the sensitization effect measured during the short-(days), but not the longterm withdrawal (weeks) period. In the present study, we performed a sensitization test five days after withdrawal from NT, a period that is within the time course of D2 autoreceptor subsensitivity. To determine whether the sensitization effect last longer, we carried out an additional experiment with two new groups injected on three occasions, every second day, with the vehicle or NT, but the amphetamine test was performed three weeks after withdrawal (after the last VM injection). Results show that the sensitization effect of NT is persistent (see supplementary Figure S2 ) and is unlikely to be solely attributed to D2 autoreceptor subsensitivity. It thus appears likely that neurotensin initiates the same VM neural cascade that is initiated by amphetamine itself leading to the long-term neural changes that subserve sensitization. It has been shown previously that activation of VM NMDAR is a critical step in this cascade. Indeed, amphetamine sensitization is blocked by VM co-injection of the NMDAR antagonist, CPP with amphetamine (Cador et al., 1999; Vezina and Queen, 2000) . Consistently, our results show that NMDAR activation is required for the initiation of amphetamine sensitization by NT. Such a role for NMDAR is consistent with the modulation that NT exerts on VM glutamate neurotransmission. Recent studies, for instance, reported an enhancement of glutamatergic excitatory post-synaptic currents (EPSCs) recorded from VM neurons by endogenous and exogenous NT (Kempadoo et al., 2013; Bose et al., 2015) . However, NT induced a biphasic effect, an enhancement at low concentration and a reduction in EPSCs at high concentration (Kempadoo et al., 2013 ). An attenuation of glutamatergic EPSCs by NT has also been reported by Kortleven et al. (2012) ]NT acted on these neuronal subpopulation to initiate sensitization. A majority of VM NT-containing terminals established synaptic connections with non-dopamine neurons and some of these expressed NT receptors. (Szigethy and Beaudet, 1989; Woulfe and Beaudet, 1992) . Moreover, Luo et al. (2010) have shown that a glutamatergic-dependent sensitization to cocaine can still be induced after deletion of NMDAR from VM dopamine neurons. It is well established that cocaine, like amphetamine, sensitization is dependent upon VM NMDAR activation (see Vanderschuren and Kalivas, 2000) . Rouibi et al. (2015) also found that the enhanced glutamatergic EPSCs in non-dopamine neurons by D- [Tyr 11 ]NT is blocked by the NTS1/NTS2 antagonist, SR142948, but not the preferred NTS1 antagonist, SR48692. This finding, together with that of Panayi et al. (2005) showing that the initiation of amphetamine sensitization is blocked by VM co-injection of SR142948, strongly suggest that D- [Tyr 11 ]NT acted on VM NTS2 receptors leading to enhancement of glutamatergic EPSCs in non-dopamine neurons. A NMDAR is composed of four sub-units, two obligatory GluN1 sub-units forming a hetero-or trihetero-tetramer with two additional sub-units that could be GluN2A-D and/or GluN3A or 3B (McBain and Mayer, 1994) . Electrophysiological studies have suggested that VM dopamine neurons express NMDARs containing GluN2B and/or GluN2D (Jones and Gibb, 2005; Suarez et al., 2010) . The hypothesis that VM dopamine neurons are not involved in the initiation of amphetamine sensitization by NT is supported by the results we obtained with Ro04-5595. Unlike CPP, this selective GluN2B antagonist was ineffective at blocking the sensitization effect of NT. It is unlikely that the ineffectiveness of Ro04-5595 was due to the range of doses that we used. During the training phase, for instance (see below), Ro04-5595 enhanced the acute stimulant effect of NT on locomotor activity, an effect that increased with repeated injections at both doses.
NMDAR-dependent sensitization to ERK1/2 activation
Another important finding is that repeated VM NT microinjections sensitize to amphetamine-induced pERK1/2 in the shell of the nucleus accumbens and the infralimbic part of the prefrontal cortex. Moreover, this neurochemical sensitization effect of amphetamine was blocked by CPP, but not by Ro04-5595, which paralleled behavioral results. Previous studies have shown that acute amphetamine enhances pERK1/2 in the nucleus accumbens and the prefrontal cortex, but in general this enhancement is observed at much higher doses that the one used in the present study (0.75 mg/ kg; see Zhai et al., 2008) . In our experiment, amphetamine was ineffective to increase pERK1/2 in both the shell of the nucleus accumbens and the infralimbic prefrontal cortex of animals pretreated with VM vehicle microinjection. This further reinforces the hypothesis that VM NT produced an enhancement of the sensitivity of this limbic circuitry to the psychostimulant drug. The MAP kinase pathway in the shell of the nucleus accumbens plays a key role in drugs-induced neuro-adaptations that underlie enhanced drug reward and conditioned drug effects (Sellings and Clarke, 2003) . Direct microinjections of amphetamine into this portion of the nucleus accumbens induce a conditioned place-preference that is dependent upon ERK1/2 activation (Gerdjikov et al., 2004 ). An increase of VM NT neurotransmission is thus likely to lead to longterm enhancement of amphetamine reward. While the precise signaling cascade mediating ERK1/2 activation in the prefrontal cortex following acute amphetamine needs further studies, it's phosphorylation in the nucleus accumbens has been attributed to a dopamine/glutamate receptors interplay (Pascoli et al., 2014; Valjent et al., 2005) . It is interesting to note that the other region in which we found a sensitize pERK1/2 level is the infralimbic cortex, a cortical area that sends glutamatergic efferents to the shell of the nucleus accumbens (Voorn et al., 2004) . Drug associated context as been reported to produce pERK1/2 enhancement by itself (Borgkvist et al., 2008) . In our experiments, the failure of systemic VEH to increase the level pERK1/2 in VM NT microinjected animals ruled out this possibility.
NMDAR-independent stimulation of locomotor activity by VM NT
During the training phase, the NT analog that we used, D- [Tyr  11 ] NT, produced a significant enhancement of locomotor activity an effect that is potentiated with repeated injections. Such a progressive increase was shown previously with NT itself and its cterminal fragment NT-8-13 (Kalivas and Taylor, 1985) . This shows that the NT analog can fully mimic the effect of the native neuropeptide in the present experimental paradigm. Interestingly, NMDAR antagonists were ineffective at attenuating the acute stimulant effect of NT on locomotor activity. It is interesting to note, however, that the increase in locomotor activity observed with repeated NT injections was attenuated by CPP but enhanced by Ro04-5595. Moreover, it suggests that different sub-types of NMDA receptors are involved in form of neural plasticity that lead to an enhancement and a reduction in the psychostimulant effect of NT.
The dissociation between the mechanisms that sub-serve the acute effect of NT and the neural plastic changes that it induces further reinforces the hypothesis that the acute effect of treatment, observed during the training phase, is not predictive of its longterm consequences. For instance, microinjection of amphetamine into the nucleus accumbens enhances locomotor activity, but failed to induce a long-term sensitization. On the other hand, VM microinjections of amphetamine failed to alter locomotor activity but Neurotensin (NT, n ¼ 16), CPP (40 or 120 pmol) with NT (CPP40 þ NT, n ¼ 5; CPP120 þ NT, n ¼ 8) and CPP alone (CPP40, n ¼ 8; CPP120, n ¼ 7). Each bar graph represents the group mean ± s.e.m. Symbols indicate a statistically significant difference with VEH (**p < 0.01) or with NT (þp < 0.05; þþp < 0.01). . Ambulatory (top panel), non-ambulatory (middle panel) and vertical (bottom panel) activity measured over the-two hour test period during the sensitization phase after a systemic injection of amphetamine from the group pre-exposed to the vehicle (VEH, n ¼ 14), D-Tyr [11] Neurotensin (NT, n ¼ 16), Ro04-5595 (200 or 1200 pmol) with NT (Ro200 þ NT, n ¼ 7; Ro1200 þ NT, n ¼ 7) and Ro04-5595 alone (Ro200, n ¼ 6; Ro1200, n ¼ 7). Each bar graph represents the group mean ± s.e.m. Stars indicate a statistically significant difference with VEH (*p < 0.05; **p < 0.01; ***p < 0.001).
SENSITIZATION TEST
lead to a sensitization effect (See Vanderschuren and Kalivas, 2000; Vezina, 2007) . The most likely mechanism by which acute NT stimulates locomotor activity is an activation of NT receptors on mesolimbic dopamine neurons. A large number of NT receptors are expressed on dopamine neurons and their activation stimulates dopamine cell firing and release in the nucleus accumbens (Boudin et al., 1996; Leonetti et al., 2002; St-Gelais et al., 2004) . Such an increase in dopamine neurotransmission likely accounts for the increase in locomotor activity induced by NT (Wise and Bozarth, 1987) .
Conclusion
Neurotensin is a potent modulator of limbic neurotransmission. Depending upon its site of action, it may enhance or attenuate behavioral effects produce by psychostimulant drugs. Here we show that its action within the VM leads to a change in sensitivity of the limbic circuitry to a psychostimulant drug. Moreover, the selective increase of pERK1/2 levels in two limbic nuclei that play a key role in motivation, learning and cognition provides additional evidence that an increase in VM neurotensinergic neurotransmission is most likely to contribute to the development of drug addiction. and the infralimbic cortex (bottom panel) after systemic vehicle (VEH, white) or amphetamine (AMPH, black) in different groups of animals that were injected during the training phase with VEH (n ¼ 7 in each group), 1.5 nmol/side of D-Tyr [11] Neurotensin (NT; n ¼ 7 in each group), 120 pmol/side of CPP with or without NT (CPP þ NT and CPP, n ¼ 6 in each group), or 1200 pmol/side of Ro04-5595 with or without NT (Ro þ NT, n ¼ 7; Ro, n ¼ 6). Symbols indicate a statistically significant difference with VEH þ AMPH group (*p < 0.05; ***p < 0.001) or with NT þ AMPH (þp < 0.05; þþþp < 0.001). See text for details. or amphetamine (AMPH) administration in different group of animals that were injected intra-VM during the training phase with vehicle (VEH), 1.5 nmol/side of D-Tyr [11] Neurotensin (NT), 120 pmol/side of CPP with or without NT (CPP þ NT and CPP), or 1200 pmol/side of Ro04-5595 with or without NT (Ro þ NT). Stars indicate a statistically significant difference with the VEH (**p < 0.01; ***p < 0.001) for the VEH and NT pre-injected groups. See legend of Fig. 7 and text for details. Abbreviations: LDTg, laterodorsal tegmental nucleus; PPTg, pedunculopontine tegmental nucleus. the paper.
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